Abstract. Although cognitive errors (i.e., premature closure, faulty data gathering, and faulty knowledge) are the main reasons for making diagnostic mistakes, the mechanisms by which they occur are difficult to isolate in clinical settings. Computer-based learning environments (CBLE) offer the opportunity to train medical students to avoid cognitive errors by tracking the onset of these errors. The purpose of this study is to explore cognitive errors in a CBLE called BioWorld. A logistic regression was fitted to learner behaviors that characterize premature closure in order to predict diagnostic performance. An ANOVA was used to assess if participants who were highly confident in their wrong diagnosis engaged in more faulty data gathering via confirmation bias. Findings suggest that diagnostic mistakes can be predicted from faulty knowledge and faulty data gathering and indicate poor metacognitive awareness. This study supports the notion that to improve diagnostic performance medical education programs should promote metacognitive skills.
Introduction
Providing a correct diagnosis is crucial to the health of individuals within any population. However, doctors do not always make the correct diagnosis because medical reasoning is a complex and ill-defined task. It has been suggested that in clinical settings, 15% of diagnoses result in a diagnostic error [1] . Diagnostic errors made in clinical practice cause unnecessary harm to patients and costs to the healthcare system. Specifically, diagnostic error is the leading cause of malpractice claims against hospitals in the United States [2] . Types of diagnostic error include: (1) when a diagnosis is delayed even though sufficient information is available, (2) a wrong diagnosis is provided before the correct diagnosis, or (3) a diagnosis is not provided at all [3] . Although the mechanisms for making a diagnostic error are complex, one of the main reasons is cognitive error [4] . In addition, there is evidence that overconfidence is also related to diagnostic error in clinical practice. In one study, physicians who were "completely certain" of their diagnosis before the death of a patient were wrong 40% of the time, as confirmed by an autopsy [5] . Computer-based learning environments (CBLE) offer the opportunity to train students to avoid cognitive errors, track confidence levels and foster metacognitive skills by mapping the onset of these errors. Early detection of cognitive errors and inflated confidence levels can allow the system to respond with appropriate scaffolding such as individualized feedback and hints. The purpose of this research is to investigate the influence of cognitive errors and confidence levels on the diagnostic performance of medical students in the context of BioWorld [6] . BioWorld is a CBLE that allows students to practice diagnostic reasoning and receive feedback on their diagnoses. The findings obtained from this study will inform the future development of BioWorld by tailoring the feedback to the specific needs of different students.
Cognitive Errors in Diagnostic Reasoning
Cognitive errors that lead to a diagnostic error can result from faulty knowledge, data gathering, or synthesis [3] . However, not all of these factors equally lead to diagnostic mistakes. Research suggests that the reason for making a diagnostic error in clinical practice is primarily due to faulty synthesis (i.e., incorrect processing of the available information) and secondarily due to faulty data gathering (i.e. collecting information that only supports the hypothesis) [3] . Faulty synthesis and data gathering can be manifested in many ways, most notably in premature closure and confirmation bias. Premature closure occurs when a physician fails to consider other possible diagnoses once an initial diagnosis has been identified. Confirmation bias occurs when a physician has the tendency to interpret information in a way that supports his or her current diagnosis and does not search for disconfirming evidence [4, 7, 3] . Expectedly, both types of cognitive errors can cause physicians to make a diagnostic mistake. For example, in a case where a patient presents symptoms of a rare disease, such as pheochromocytoma, a physician might incorrectly interpret the patient's increased heart rate to support a more common disease, such as arrhythmia. The physician might then order laboratory tests that confirm arrhythmia but consequently fail to consider alternative diagnoses that are also characterized by increased heart rate. In this example, the physician is subject to both premature closure, by settling on his or her initial diagnosis of arrhythmia without exploring alternatives, as well as confirmation bias, by interpreting the symptoms in a way that supported his or her initial hypothesis while also failing to consider other evidence that would have ruled out arrhythmia.
Metacognition and Cognitive Errors
Premature closure and faulty data gathering might be appropriately attributed to dysregulation. Dysregulation refers to instances when learners do not adaptively regulate their cognitive and metacognitive behaviors [8] . Dysregulation occurs when individuals do not correct their behavior in response to the task, fail to metacognitively monitor their strategy use, or fail to make accurate metacognitive judgments. To reduce cognitive errors resulting from dysregulation, medical education programs should promote metacognition and self-regulation strategies [9, 3, 10] . Metacognitive skills in medical problem solving include the ability to orient the problem space, plan and execute actions, monitor outcomes, evaluate one's overall progress, and elaborate on a solution [11] . One way to promote these skills is to compare the actions of medical students with those of expert physicians and tailor instruction to the specific needs of the learner. Expert models can promote metacognition by supporting the formulation of plans and monitoring progress [10] . Cultivating metacognitive skills is thought to enable medical students to develop an awareness of their thinking and reasoning processes, and the ability to evaluate if these processes are effective. It has been suggested that these skills will reduce the occurrence of cognitive errors and improve diagnostic performance by encouraging medical students to consider more hypotheses and evaluate evidence in a flexible manner [9] .
Overconfidence and Cognitive Errors
Another important factor that can cause some physicians to be more vulnerable to cognitive errors than others is overconfidence. Overconfidence during diagnostic reasoning occurs when a physician thinks he or she has made a correct diagnosis but the diagnosis is in fact wrong. Berner and Garber [7] propose two reasons why overconfidence can lead to a diagnostic error. First, physicians tend to generate hypotheses almost immediately after hearing a patient's symptoms. Second, even if more information is needed, physicians who are confident with their initial hypothesis often seek information that only confirms their initial hypothesis. In other words, confidence in an early hypothesis influences subsequent cognitive activities and plans of action. Although in the majority of cases this leads to the identification of the correct diagnosis and rapid treatment, in other cases this leads to a diagnostic error. One important limitation of previous research on cognitive errors in clinical reasoning is that the majority of these studies rely on retrospective self-evaluations of errors. This is because cognitive errors are difficult to observe in clinical settings, as different types of errors can overlap and there is no process data that can be used to identify if a particular cognitive error has occurred [4] . These limitations make it difficult to reliably isolate diagnostic errors and identify the mechanisms by which they occur. Without this information, it remains unclear which type of cognitive errors (i.e., faulty knowledge, faulty data gathering, or faulty synthesis) are made during diagnostic reasoning, or the cause of the error and how best to support medical students as they learn to diagnose a patient. CBLEs can uniquely track the onset of these errors and respond appropriately to foster metacognition and reduce dysregulation.
Research Objectives
The purpose of this study is to address this gap by analyzing process data to evaluate the impact of premature closure and confirmation bias, as well as overconfidence on the diagnostic performance of medical students. To address this aim we focus on two research questions: (1) Can diagnostic performance be predicted from premature closure?; and (2) Do participants who are highly confident in their wrong diagnosis engage in more faulty data gathering via confirmation bias?
With regard to the first question, it is expected that if participants engage in premature closure, they will be more likely to select an incorrect diagnosis and take less time to solve the case. With regard to the second question, it is expected that participants who are confident in their wrong diagnosis will engage in more faulty data gathering when compared to other participants. The analyses presented within this paper represent a preliminary exploration of cognitive errors as medical students diagnose a virtual patient in a CBLE.
Methods

Participants
This study consisted of 30 first and second year medical students from a North American university. The sample consisted of 11 men and 19 women, with an average age of 23 (SD = 2.60).
BioWorld
BioWorld [6] is a computer-based learning environment (CBLE) that simulates clinical reasoning and is designed to support the metacognitive activities of medical students as they learn to diagnose a patient (see Figure 1 ). Each case begins with a patient history where medical students can gather evidence by highlighting relevant symptoms and save them to the evidence palette. Medical students use this evidence to propose possible diagnoses and report their confidence on each diagnosis. Students can access and change their diagnoses and the associated confidence levels at any point during the session. The students can obtain further evidence by a) ordering laboratory tests to confirm or disconfirm a particular diagnosis, b) searching the online library for information about a particular disease, diagnostic test, or medical term, or by c) requesting help using the consultation tool. Through this series of actions, students become progressively more confident in a single diagnosis. Once the student has submitted their final diagnosis, they are asked to justify their choice by sorting all the evidence as supporting, contradicting, or irrelevant to the final diagnosis. Afterwards, the student is asked to prioritize their final list of supporting evidence from the most important to the least important. Once the student has justified their reasoning in an open-response case summary, they receive individualized feedback on their solution based on an expert solution.
Measures
As learners interact with BioWorld, the system records learner-system interactions in log-files. There are three different types of performance metrics in the log-files generated by the BioWorld system: diagnostic efficacy (e.g., accuracy and percentage of matches with experts), efficiency (e.g., time taken to solve a case), and affect (e.g., confidence). Information saved in the log-file included the attempt identifier (participant and case ID), a timestamp, the BioWorld space (e.g., chart), the specific action taken (e.g., add test), and details in relation to the action (e.g., Thyroid Stimulating Hormone (TSH) Result: 0.2 mU/L).
Fig. 1. The BioWorld interface
Study Procedure
This data was collected as part of an experiment that examined factors that influenced attention to feedback in BioWorld (Naismith, 2013) . Participants were asked to complete a demographics questionnaire and an achievement motivation questionnaire (i.e., PALS; [13] ). Participants then completed a training case, which allowed them to learn how to use the BioWorld system. Following the training case, participants solved 3 endocrinology cases in a 2-hour session with BioWorld. The three cases participants were asked to solve were: Amy (diabetes Type 1), Cynthia (pheochromocytoma), and Susan Taylor (hyperthyroidism). The order of the cases was counterbalanced to mitigate practice effects. After each case was completed, participants were asked to complete a retrospective outcome achievement emotions questionnaire (AEQ; [14] ). After all three cases were finished participants completed a final questionnaire, which assessed their prior knowledge of endocrinology and the perceived difficulty of each case. It is our contention that cognitive errors are more likely to arise when solving a difficult case relative to an easy case. Therefore, for the purposes of this paper only the most difficult case, Cynthia, was analyzed. The anticipated accuracies for the three cases were Amy (94%), Cynthia (33%), and Susan Taylor (78%) [15] .
Results
Research Question 1
With regard to the first research question, "Can diagnostic performance be predicted from premature closure?" premature closure was inferred from the time taken to solve the case and selecting the final diagnosis from one of the participant's initial three hypotheses. To answer this first question, a standard binary logistic regression was used to model the binary variable of diagnostic performance (i.e., correct diagnosis or incorrect diagnosis). The predictor variables in this analysis were the continuous variable for time taken to solve the case, and the binary variable for selecting the final diagnosis from one of the first three (yes or no). Based on a classification threshold that predicted probability of target group membership of .50, results of the logistic analysis indicate that the two predictor models did not provide a statistically significant prediction of diagnostic performance, χ 2 (2, N = 30) = 4.31, p = .116, Participants who selected one of their initial hypotheses as their final diagnosis were equally likely to choose an incorrect diagnosis compared to those who did not chose one of their initial hypotheses as their final diagnosis. The time to solve the case was also equal across groups.
One possibility is that participants with sufficient prior knowledge obtained enough information from the patient case history alone to identify the correct diagnosis of pheochromocytoma as one of their initial 3 hypotheses. Selecting the final diagnosis from one of the first 3 initial hypotheses might not be indicative of premature closure, but instead reflect faulty knowledge. Specifically some participants lacked knowledge and were therefore not able to identify the correct diagnosis of pheochromocytoma as an initial hypothesis and thus took more time to submit a diagnosis. Thus selecting an incorrect diagnosis might be indicative of faulty knowledge rather than faulty synthesis. To address this alternative we answered the follow-up question, "Can diagnostic performance be predicted from faulty knowledge?" To answer this follow-up question, a standard binary logistic regression was used to model the binary variable of diagnostic performance (i.e., correct diagnosis or incorrect diagnosis). The predictor variables in this analysis were the continuous variable for time taken to solve the case, and the binary variable for selecting the correct diagnosis from one of the first three diagnoses (yes or no). Based on a classification threshold that predicted probability of target group membership as .50, results of the logistic analysis indicate that the two-predictor model provided a statistically significant prediction of diagnostic performance, χ 2 (2, N = 30) = 17.49, p <.001. The Nagelkerke pseudo R 2 indicated that the model accounted for approximately 59% of the total variance. Classification of diagnostic performance based on a classification cutoff value of .50 for predicting membership in the correct diagnosis group was high, with an overall prediction success rate of 83.3%, and correct prediction rates of 80% for participants who selected the correct diagnosis, with 86.7% for participants who selected the incorrect diagnosis. Table 1 presents the partial regression coefficients, the Wald test, odds ratio [Exp(B)], and statistical significance for each predictor. The Wald test indicated that selecting the correct diagnosis of pheochromocytoma from one of the first three hypotheses was the only statistically significant predictor of success. By selecting the correct diagnosis from one of the first three hypotheses, there is a 56.12% greater likelihood of choosing the correct final diagnosis after controlling for time taken to solve the case. Although selecting the correct diagnosis from one of the first three hypotheses was the only significant predictor, we retain the predictor of time taken to solve the case in the model because it was approaching significance at p = .052. With a larger sample it is possible that this predictor could become significant. Further analyses will need to be conducted to test this assumption. 
Research Question 2
With regards to the second research question, "Do participants who are highly confident in their wrong diagnosis engage in more faulty data gathering via confirmation bias?" confidence was split into high and low groups using the median split (Median = 80), yielding a high confidence (n = 16, M = 86.50, SD = 6.16), and low confidence (n = 14, M = 61.50, SD = 13.27) groups. These groups were further divided by assessing diagnostic performance, which produced 4 different groups (see table 2 ). An ANOVA was conducted with one categorical independent variable with four levels (i.e., WLC, WHC, RLC and RHC), and three continuous dependent variables (i.e., lab tests ordered, library searches, and consult requests). The statistical assumptions of normality and independence of observations were met. The results from the Levene's Test suggests that the assumption of equal variances was met for the lab tests ordered as well as the library searches, F(3, 26) = .363, p = .781 and F(3, 26) = 2.22, p = .110, respectively. This assumption was violated for consult requests F(3, 26) = 5.748, p = .004. However, the effect of inequality of variance can be mitigated when group sample sizes are equal [16] . Since the group sample sizes are roughly equal we have chosen to interpret the results with caution. The results from the ANOVA suggests that there is a significant difference in mean number of consult requests between groups, F(3,26) = 3.332, p = .035 (see table 3 ). Tukey post-hoc comparisons indicate that that the only difference in data gathering occur between the WHC group and the WLC group from mean consult requests, where participants in the WHC requested significantly fewer consults than participants in the WLC group (M = .167, SD = .408 and M = 2.500, SD = 1.195, respectively), p = .035. These results suggest that participants who were wrong with high confidence might exhibit less metacognitive awareness compared to participants who were wrong with low confidence. Consequently, participants who were wrong with high confidence might have engaged in faulty data gathering. 
Discussion
The purpose of this study was to investigate the impact of cognitive errors on diagnostic reasoning in medical students. This was accomplished by answering two research questions: (1) Can diagnostic performance be predicted from premature closure? and (2) Do participants who are highly confident in their wrong diagnosis engage in more faulty data gathering via confirmation bias? With regards to the first research question, the primary finding suggests that faulty synthesis in the form of premature closure was not the reason medical students failed to provide a correct diagnosis. As a follow-up to this first research question we asked, "Can diagnostic performance be predicted from faulty knowledge?" Faulty knowledge was inferred from whether or not participants were able to identify the correct diagnosis from the patient case history alone. These results indicate that medical students were more likely to select the correct final diagnosis if they had selected it as one of their initial hypothesis immediately after reading the patient history. This suggests that some participants were able to obtain sufficient information from the patient history alone in order to identify the correct diagnosis as an initial hypothesis, while others were not. With regards to the second research question, the primary finding was that medical students who were confident in their wrong diagnoses asked for significantly less consults than those who were not confident in their wrong diagnoses. These results suggest that participants in the wrong high confidence group might exhibit less metacognitive awareness and more dysregulation compared to participants in the wrong low confidence group. This supports the conjecture that to reduce cognitive errors metacognitive skills should be promoted. Further analyses are needed, however, to corroborate this conclusion. It is worth mentioning that these analyses only considered the mean number of the respective data gathering methods, not the specific content of the data gathered. It is still possible that participants who where highly confident in their wrong diagnosis engaged in faulty data gathering by way of confirmation bias by running laboratory tests or searching for information in the library that would confirm their hypothesis rather than searching for contradictory evidence. A more detailed analysis of the data gathered is needed to address this prospect. Such an analysis might reveal important patterns of behaviors that can better explain why medical students make diagnostic mistakes.
The occurrence of diagnostic errors is a concern for patient care and healthcare systems. Although cognitive errors contribute to making mistakes, cognitive errors are difficult to investigate in clinical settings. The majority of research in this area relies on retrospective judgments of these errors, which makes it difficult to identify the cause and mechanism of diagnostic mistakes. In this study we investigated the impact of cognitive errors and overconfidence on diagnostic performance in medical students by analyzing process data. The results suggest that diagnostic errors made by medical students are the result of faulty knowledge and faulty data gathering spurred by a lack of metacognitive awareness. This study supports the notion that to improve diagnostic performance medical education programs should promote the development of metacognitive skills.
